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Executive Summary

This study proposes a modeling methodology for light duty advanced technology vehicles
including those powered by:

* Advanced gasoline internal combustion engine

* Advanced diesel internal combustion engines

» Hybrid electric and gasoline/diesel powertrains

* Hydrogen fuel cell hybrid

The model called PERE (Physical Emission Rate Estimator) is designed to support the new EPA
energy and emissions inventory model, MOVES (MOtor Vehicle Emissions Simulator). PERE is
a stand-alone spreadsheet, which can be run by an informed user. It outputs Pump-to-Wheel
(PTW) fuel consumption rates. The purpose of PERE is to fill data gaps in MOVES and to help
it extrapolate to future projections of energy and emissions. The current version of PERE will
model many of the advanced technologies in MOVES and is capable of capturing more. If the
user is knowledgeable of the vehicle parameters required in PERE, other technologies can be
modeled that are not described in this report (e.g. series hybrids etc.). However, since PERE
requires significant development time for each technology, the current version of MOVES
(2004) may directly model some vehicles using modifications to existing rates (e.g. hydraulic
hybrids and some alternative fuels).

MOVES is currently being integrated with GREET (developed at Argonne Laboratory), which
produces upstream Well-to-Pump (WTP) energy and emissions rates. The combination of PERE,
MOVES, and GREET will provide a powerful comprehensive modeling suite for anyone
requiring emissions inventory projections or life cycle (energy/emissions) studies for mobile
sources into the future.

As the name implies, PERE uses physical principles to model propulsion systems in the vehicle.
It is therefore built on a relatively strong foundation. The model is based on a sound, yet
elegantly simple model for the internal combustion engine. Simulation of hybridization is
achieved by inserting a secondary power source (usually a battery/motor combination). Fuel cell
vehicles are simulated by replacing the engine with an aggregate fuel cell system. PERE takes
vehicle input parameters, then runs the vehicle through driving cycles defined by the user and
outputs second-by-second fuel consumption rates. All of the processes are transparant to the
user, which allows for easy updates.

The model is validated to four production conventional gasoline, and five advanced (and hybrid)
vehicles by comparing the PERE output to the rated fuel economy figures. The advanced
vehicles include advanced engine technologies, such as lean burn gasoline. The model performs
well, in most cases the predictions are within 10%, as the figure below shows.
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Figure ES1. Combined fuel economy (city/highway) estimates from PERE compared to vehicle
rated values.

The fuel cell model describes a direct hydrogen PEM fuel cell hybrid. It is validated to the fuel
economy results from the Honda FCX vehicle. The model predicts fuel economy within 5% of
the measured value.

The report also includes a sensitivity analysis, which will help guide users to determine which
parameters require more accuracy.

Finally, the report describes how PERE might be used to support MOVES. It provides guidance
for how parameters may be estimated in order to perform future projections. It also describes a
methodology by which the PERE output can be integrated into MOVES.



Introduction

From reading manufacturer press releases, and seeing the new vehicles being offered, it is
becoming evident that advanced technology vehicles, such as hybrids, will become more
commonplace in the near future. A hybrid vehicle combines two forms of propulsion in order to
optimize efficiency and fuel economy. The incremental cost of hybrid vehicles is expected to
decrease as volumes increase, and as public acceptance increases. There are also other types of
advanced vehicles, such as clean diesel, and fuel cell vehicles, which may claim a portion of the
market in the future. It is important to understand the possible effects that these vehicles will
have on the fleet and the environment.

The goal of this project is to develop a model, which can simulate a variety of future or advanced
technology vehicles for the purpose of supporting policy analysis within EPA as well as
estimating future emissions inventories. The Physical Emissions Rate Estimator (or PERE) is
expected to generate fuel (or energy) consumption rates for the new EPA emissions inventory
model, MOVES (MOtor Vehicle Emission Simulator). PERE is in a spreadsheet format and
should be usable for most users, who have a nominal amount of background information on
hybrids and fuel cells.

The current report describes the modeling of fuel and energy consumption by conventional and
advanced technology light duty vehicles using physical principles. The model development and
validations are for the following light duty technology types: conventional gasoline, advanced
gasoline (lean burn), diesel, “mild” parallel hybrid, “full” parallel hybrid, and fuel cell hybrid
vehicles. With the exception of fuel cells, these are the technologies, which have the most short-
term promise, i.e. they are already sold in significant numbers and are likely to experience
growth. The number of other advanced technology combinations that could exist are enormous.
Such examples are hydraulic hybrids, series hybrids, plug-in hybrids, hydrogen internal
combustion engine, pure electric, etc. This report does not model all of the possible
combinations, however the hope is to demonstrate that PERE is a robust model that can
accommodate most of these technologies if the need arises.

Though the model is based on mathematical and physical principles, it is intended to be
aggregate, and is probably not appropriate for engineering or product development. Thus it is
designed to model a typical vehicle of technology type, rather than a specific vehicle. Energy
flows within vehicle components are modeled using overall systems efficiencies. The validations
in this report are conducted with certification fuel economy data. Where appropriate,
simplifications and approximations are made using physical constraints, or based on publications
in the literature.

For the purposes of modeling the future fleet, our goal is to allow as many of the significant
assumptions as possible to be under the control of the user. However, default values will be
presented in this paper. An attempt will be made to justify the assumptions in each case.

The report begins by describing conventional vehicles, both gasoline and diesel. It then goes on
to briefly examine advanced engines. Hybrid vehicles are modeled and validated followed by



fuel cell vehicles. The report caps off with a sensitivity analysis and describes how PERE rates
might feed into MOVES.

The final form that the model takes for the integration may be different from what is presented in
this report.

Conventional Vehicles

Vehicle Model

As Figure 1 shows, the model is basically a “backwards-looking” model in that it takes a driving
cycle (second-by-second speed vs. time) input and outputs the energy consumption required to
follow the drive trace. The power demand is based on overcoming inertia, road grade, tire
friction, and aerodynamic loss. This is essentially the VSP equation shown in numerous
publications.

ACTIVITY
INPUT V,A,
Road grade B

VSP or Internal
Power Demand Combustion Engine

Fuel
Consumption

Vehicle Param:
M, Cr, CdA

Figure 1.Conventional internal combustion engine vehicle model flow.
The power demand (in Watts) is the brake power or, VSP*m:

P, = VSP*m = mv[a(1+€) + g*grade + gCr] + 0.5pCpA,v’ (1)

where:

v: 1s vehicle speed (assuming no headwind) in m/s (or mps)

a: is vehicle acceleration in m/s’

€: is mass factor accounting for the rotational masses (~0.1)

g: is acceleration due to gravity (9.8 m/s%)

grade: is road grade

Cr: 1s rolling resistance (~0.009)

p: is air density (~1.2 kg/m3)

Cp: is aerodynamic drag coefficient (~0.30)

Ay is the frontal area in meters® (~2.4 m?)

m: is vehicle mass in metric tonnes.

The rotating mass term, €, is assumed to be 0.1 [Jimenez, 1999]. However it increases at lower
gears [Gillespie, 1992]. The rolling resistance for radial tires, Cr, can range from 0.008 — 0.013
for a majority of the on- road passenger car tires. This value can be larger depending on state of
inflation, temperature, ground surface type, and speed (though this effect is minor) [Bosch, 2000;
Gillespie, 1992]. Heavy-duty trucks tend to have lower resistance. The aecrodyanamic drag, Cp,



varies according to the body shape, and is sometimes provided by the manufacturers. The frontal
area, A, of the vehicle is also sometimes supplied. Where it is unknown, PERE uses 93% of the
box frontal area based on a number of vehicles examined by the author. This is calculated using
the dimensions available for the vehicles:

A; = (H-GC)*W*0.93 (2)
where: H is the vehicle height
GC is the ground clearance
W is the width.

Alternately to Equation 1, one could also use:
P, = Av +Bv’ + Cv’ + mv[a + g*grade] (3)

where the coastdown coefficients: A, B, C, are rolling, rotating and aerodynamic resistive
coefficients, respectively. These are determined from track coast-down tests and are available
from the EPA certification database. The “A” coefficient is equivalent to the tire rolling
resistance terms of Equation 1. “B” tends to be small, and describes higher order rolling
resistance factors in addition to rotating friction losses. The “C” term represents the air drag
coefficient terms. These two equations are not necessarily identical, and it is possible that by
preferring Equation 1 over 3, that PERE could overestimate fuel economy (underestimate energy
consumption) somewhat. When available, the coastdown (track) coefficients should be used in
Equation 2, since the road load is closer to the test conditions. This will be discussed in greater
detail in the sensitivity section.

Gasoline Spark Ignited Internal Combustion Engine

The internal combustion engines (ICE) converts chemical into mechanical energy. This
combustion process, as well as the losses inherent to it, is a critical element to the modeling of
vehicles. Modern vehicles powered with gasoline have been the subject of several models in the
literature. This paper remains consistent with the approach developed by Ross and An [1993];
Barth et al. [1999]; and Weiss et al. [2000] as well as other authors. The formalism is described
well in Ross [1997], which will be briefly reviewed here.

The basis for the engine model lies in the linear relationship between brake power and fuel
consumption, both represented in mean effective pressure (mep in bar) units. The power
equivalent of fuel is:

P;= FR*LHV 4)

where FR is the fuel consumption rate in grams per second
LHYV is the lower heating value of the fuel (approximately 43.7 kJ/g for gasoline)

In mep [kPa], this becomes:

fuel mep = 2000*Py/(VN) (5)



where V is the engine displacement in liters
N is the engine speed (rps)

One can model it as follows:

Fuel mep = k + bmep/n (6)
or

fuel mep = (fmep + bmep)/n (7)

where k is the engine friction related term (in friction mep terms, k = fmep/n) and 1) is a measure
of the indicated or thermal efficiency of the engine, i.e., it is the fraction of the energy in the fuel
which is converted to useful work. This efficiency describes engine properties such as
compression ratio, fuel mixing, fuel type, cylinder temperature, valve timing, spark timing,
combustion chamber geometry, etc. [Muranaka, 1987; Ross, 1997]. Ideally, this is limited by
engine heat cycle and thermodynamic 2™ law losses at the upper limit.

The indicated thermal efficiency is not to be confused with “mechanical” efficiency, or even
with “overall” engine efficiency (discussed below). k and fmep reflect the mechanical losses in
the engine mainly from rubbing, pumping, and auxiliary load losses. Specifically, the rubbing
losses can originate from valves, gears, piston rings, lubricant, piston, crankshaft, etc [Milington
& Hartles, 1968]. The pumping losses are derived from the difference between the intake
cylinder and ambient pressures. The throttle plate, and intake, exhaust and valve geometry on
gasoline engines cause this loss in “volumetric efficiency” [Patton, et al., 1989]. As an engine
“breathes” better, the pumping losses decrease and its volumetric efficiency increases. Thus an
engine with 4 valves per cylinder is typically more fuel efficient than one with 2 valves. Also
diesel engines lack throttle plates, so they have improved volumetric efficiency over gasoline
engines. Throttling results in about 25% of the friction losses [Ross, 1997]. The product of
mechanical efficiency (which we have not quantified yet) and thermal efficiency is the overall
engine efficiency, which will be discussed in more detail below.

Given the fuel mep, to obtain a mass fuel rate, one only needs engine displacement and speed.
The bmep, is equivalent to brake power and can be determined from road load using the
ubiquitous road load Equations 1 & 3. Equation 7 is equivalent to the one used by Weiss , et al.
[2000]:

imep = fmep + bmep (8)
where imep is the indicated mep equivalent to fuel mep*n.

This relationship has been plotted on Figure 2 below for a series of 10 different engines at many
different operating conditions, where the wide-open throttle points have been omitted [Nam &
Sorab, 2004]. According to the figure the indicated or thermal efficiency (inverse slope) is 1) ~
0.40, while k ~ 4.24 bar and fmep ~ 1.72 bar for this diverse family of engines. This procedure
for estimating the engine friction analytically is referred to as the “Willans Line” method
[Millington & Hartles, 1968]. It is similar to experimentally motoring the engine down. The
largest uncertainty associated with this methodology lies in the slight curvature of the lines



especially at high load. This is why the high load points were omitted, though there is still some
curvature [Pachernegg, 1969]. Despite the limitations, the method is quite robust as the lack of
scatter in Figure 2 demonstrates. For the scale of modeling in this report, this estimate is quite
sufficient.

It has been found that the indicated efficiency has not changed significantly over the preceding 3
decades [Nam & Sorab, 2004, Weiss, et al. 2000]. It should be noted that this holds for engines
operating at stoichiometry, where there is exactly the right quantity of air to combust the fuel
completely. Older vehicles can run rich under various high power driving conditions, and those
need to be modeled separately [Goodwin, 1996]. It is assumed that present and future vehicles
(which have to meet SFTP standards) will not undergo significant periods of enrichment.
However future vehicles may have improved efficiency if lean burn engines (or other advanced
technologies) become more prevalent (this will be discussed more later).

20
oY

25

y = 2.47x + 4.24
i R%=0.99

20 4

15 +

fuel mep (bar)

10 +

-2 0 2 4 6 8 10
bmep (bar)

Figure 2. Fuel mean effective pressure as a function of brake mep for 10 engines from 4 different
manufacturers, omitting wide open throttle points [Nam & Sorab 2004].

It was mentioned earlier that “indicated thermal” efficiency is NOT the same as “overall” engine
efficiency. The latter includes the effect of mechanical or frictional losses. This can be
demonstrated most dramatically in Figure 2. The overall (or “brake”) efficiency of the engine at
a given operating (load) point, is the x-axis value (output energy) divided by the y-axis value
(input energy). For example, at bmep = 2 bar, the fuel mep = 10 bar, meaning the overall engine
efficiency is 20%. Also at bmep = 8 bar, fuel mep = 24 bar, meaning the engine efficiency is
33%. It is clear that the overall efficiency increases with the load (omitting wide-open throttle
and fuel enrichment) while the indicated thermal efficiency (inverse slope) remains constant at
roughly 40%. Thus the indicated efficiency is the efficiency limit of the engine. The product of
the indicated and mechanical efficiency is the overall engine efficiency. Thus the mechanical
efficiency is dependent on load and engine speed, and the most efficient operating points are
those with low engine speed and high load. This highlights the advantage that hybrids have over
conventional vehicles: the engine operates more at higher loads and thus higher efficiencies,
while the battery (or other energy storage medium) operates during low engine efficiency modes



(allowing it to shut down). To calculate a final overall vehicle (or “pump-to-wheel” efficiency, it
is also necessary to factor in transmissions and final drive losses. Accessories can also play a
minor role.

Though the scatter in Figure 2 is small, there is some systematic relationship, which can explain
some of the variation. It is well known that the friction (or offset) is dependent on the engine
speed. This is demonstrated in Figure 3. The base friction term can thus be modeled

k=ko+ kN )

where: ko = 3.283 bar and k; = 0.000515 bar/rpm for the present gasoline engines (multiply by
100 to get kPa, then divide by 2000 to get the proper units for the fuel rate equation). The friction
at idle is significantly higher (about 50%). There is a slight curvature evident in the figure and
some references include higher order terms, but these are more necessary for higher revving
engines [Yagi, et al., 1990].
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Figure 3. Engine friction as a function of engine speed for 10 engines. [Nam & Sorab 2004].

Though the indicated efficiency has changed little over the years, the friction has decreased over
the past 30 years at a rate of roughly 10% per decade [Nam and Sorab, 2004; Sandoval and
Heywood, 2003]. Various technologies have helped accomplish this: overhead cam, multiple
valves per cylinder, improved lubricants, variable valve timing, etc. Additionally, engine
efficiency can be improved with “advanced” technologies such as lean burn gasoline (e.g.,
Honda HX), Atkinson cycle (as in Toyota Prius), Direct Injection Spark Ignition (DISI —no
current model in US), Homogeneous Charge Compression Ignition (HCCI), or with variable
compression ratio. Fuel economy can also be improved with variable displacement, cylinder
deactivation, or adding a turbocharger with engine downsizing in the future. There may come a
day when engines will be “variable everything”. Some of these technologies will be discussed
further below.

Despite the many different models and manufacturers of gasoline engines (neglecting advanced
engines), there is remarkable homogeneity in their performance characteristics (within a certain



threshold). As a result, it is possible to develop “rules of thumb”, which give rough estimates, of
engine efficiency, friction, peak torque and peak power, given only its displacement (and model
year). Figure 4 shows generic peak torque and power curves for a 2.0 liter gasoline engine
[Weiss et al., 2000]. The curves can be scaled to different engine sizes using relationships in
Sandoval and Heywood [2000]. While not all 2.0 liter engines will have the same shape and peak
values, the general trends appear in most engines and this relationship is sufficient for our
modeling needs. These peak curves are mainly used to determine transmission down-shift points
and for cut-point determination for hybrids (where engines may be significantly downsized),
therefore the PERE output is not highly sensitive to the shape of the curves.
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Figure 4. Engine peak torque and power for a “generic” 2.0L gasoline engine.

Transmission

Another element required to calculate total vehicle efficiency is transmission and final drive
efficiency. All vehicle powerplants must connect to the wheels via a transmission. Sometimes
this is as simple as a single gear reduction (as in many fuel cell and electric vehicles). More often
though, there are multiple gears to take advantage of the engine’s limited operating range. The
multi-gear transmission model used for PERE is based on Thomas and Ross [1997]. While
transmissions and their shift strategies vary tremendously between vehicles, the overall fuel
consumption rate is not highly sensitive to this sub-model as long as ‘sensible’ parameters are
employed.

The engine speed is:
N = (N/¥)op*(60rps/tpmm)*(g/guop) *v (10)
where N is engine speed in rps
(N/V)op 1s the rpm to speed ratio in top gear
v is vehicle speed in mph

(g/gtwp) 1s the gear ratio at the various gears

Typical values (with shift points) are shown in tables in Appendix B. (N/v);,p, 1s assumed to be a
constant, but a future version of PERE may make it dependent on engine size. Smaller engines
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tend to rev higher than larger engines. One could also calculate engine speed from final drive
ratio and tire radius.

In order to meet the power demand of some driving cycles, it is necessary to downshift. The
algorithm for downshifting is as follows:

If TorqueDemand > MaxTorque
Then Downshift

The algorithm is repeated until the Torque demand is met, or gear 1, whichever comes first.
There is no consideration for shift or ride quality in this simplified model.

All the multi-gear vehicles in this study are assumed to be 5-speed manual transmission for
simplification. The overall efficiency used by PERE for a manual transmission is approximately:
Nurans = 0.88, which includes final drive losses [Thomas & Ross, 1997; Weiss et al., 2000].
Typical auto transmission efficiency would be about 75% using a single value. There is
additional significant loss in automatic transmissions during gear shifts, due to the slippage in the
torque converter. The model could be slightly improved by making the efficiency dependent on
load and/or rpm [Park, et al., 1996].

Manual transmissions range in efficiency from 87-99%. Automatic transmissions range 85 —
95% when locked, but can drop to 60 - 85% unlocked. An overall 1.5% improvement in
transmission efficiency could correspond to a 0.1 km/L increase in fuel economy [Greenbaum, et
al., 1994; Kluger, et al., 1995; Bishop, et al., 1996]. Manual transmissions have similar
efficiencies to continuously variable transmissions (CVT), so can be seen as equivalent to
advanced transmissions.

Vehicles whose drivetrains run off of motors do not require complex transmissions employing
gear shifts. These motor driven vehicles usually only require a single gear due to the large
operating range of motors. Single gear transmissions naturally tend to be very efficient and are
assumed to be 95% efficient in this report.

If transmissions efficiency is added to Equations 4 through 6, we would obtain the fuel rate
equation used in PERE [Nam, 2003]:

FR = ¢ [KNV + (Py/n + Pacc)m]/ LHV (11)
where

(0] is the fuel air equivalence ratio (mostly =1)

k: is the engine friction (can depend on engine speed).

N: is the engine speed, depending mostly on vehicle speed

V: is the engine displacement volume

Ne: is a transmission and final drive efficiency (~0.88)

n: is a measure of the engine indicated efficiency (~0.4).

Pacc: is the power draw of accessories such as air conditioning. This is a function of
ambient temperature, T, and humidity (and engine speed for AC). Without AC, it
is some nominal value ~ 0.75kW.
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LHV: is the factor lower heating value of the fuel (~43.7kJ/g).

Diesel Internal Combustion Engine

Diesel engines are different from gasoline engines in several important ways. They run on diesel
fuel, which has higher density, energy density, and carbon content. The fuel is self-ignited by
compression rather than with a spark (hence it is also known as compression ignition engine).
The increase in compression ratio required for compression ignition improves the thermal
efficiency. The engines can also combust fuel in an environment that is lean of stoichiometry. A
stoichiometric fuel air mixture has just enough air to completely combust (or oxidize) all of the
fuel, so a lean mixture has more air, and rich mixture has more fuel. Naturally, lean mixtures
result in higher fuel efficiency. Modern diesel engines inject the fuel directly in the chamber with
electronically controlled bursts, which increases the pumping efficiency (decreases friction) by
doing away with the losses inherent to a throttle. Unfortunately, diesel engines have higher NOx
and particulate matter (PM) emissions. The excess NOx emissions is due to the lack of
aftertreatment system, and the PM emissions is due to the combustion mechanism with fuel
droplets. Advanced diesel engines complying with federal Tier 2 emission standards will require
aftertreatment technologies, which may require the fuel combustion to run at stoichiometry on
occasion so that NOx and PM can be stored, then treated. This will in turn, have a small negative
effect on fuel economy.

In PERE, Diesel indicated efficiency is assumed to be 0.45. This is 12.5% more efficient than
current gasoline engines [Wu & Ross 1997]. Weiss et al. [2000] employ an indicated efficiency
of 0.51 for advanced diesel engines.

The friction in diesel engines is typically lower than their gasoline counterparts [Heywood, 1988,
Weiss, et al., 2000, Wu&Ross 1997] — though this is mostly in the speed independent term (ko in
Eq. 8). However, Ball et al. [1986] measured a diesel engine to have similar (total) friction
compared to an equivalent gasoline engine at higher operating conditions. In a diesel engine, the
pumping losses are significantly lower, but the piston/crank assembly as well as auxiliary load
(mainly from high pressure fuel injector) losses are higher. This hints that the speed dependent
term (k;) should be higher for diesels, or that higher order terms in Equation 9 are necessary. For
PERE, we assume that kg is 25% lower, which is consistent with many of the references above,
but we also assume that k; is higher (~.00072 bar/rpm) to match overall friction at higher speeds.
Whatever the particular values chosen for kj, this is a small correction to the output fuel
consumption rate (see Figures 2 & 3). The output is not be very sensitive to this term.

The transmission model for diesel powertrains is identical to that described above, with the
exception that diesel engines tend to rev lower. The (N/v)p 1s estimated to be 75% that of
gasoline. This figure is obtained by comparing peak rpm power values from an assortment of
vehicles, which have a diesel option (US and European). E.g. VW Jetta, VW Beetle, Ford Focus,
Ford Mondeo, & Peugeot 607. See Table 1.

The peak torque and power curves are generically determined by Weiss et al. [2000]. Figure 5

shows the relationship for a 2.0L turbocharged diesel. The torque curves are flatter than that of
gasoline engines. This high low-end torque gives diesel engines the advantage in towing as well
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as decent 0-30 mph acceleration compared to their naturally aspirated gasoline equivalents (of
same displacement). However the peak power tends to be lower, thus the overall 0-60 mph
acceleration may be lower depending on the vehicle.
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Figure 5. The peak torque and power curves for a “generic” 2.0L diesel engine.

Diesel engines are ideally suited for turbo charging. A turbo charger employs the exhaust heat
energy to spin a turbine, which pumps more air charge into the engine cylinders. This efficient
use of energy generates more power with a smaller engine. As a result virtually all light and
heavy duty diesels employ turbo chargers. Unfortunately, the variety of turbocharger sizes makes
generating peak torque and power curves, given only engine displacement, a difficult exercise.
This would matter more if we were constructing the model using a performance basis (e.g. 0-60
mph time), rather than a fuel economy basis.

It is useful to conduct a comparison of gasoline and diesel light duty vehicles currently sold.
Comparing the current technologies can help us to extrapolate how they will compare in the
future. Table 1 shows the power and weight of various vehicles in the American and European
markets.

Based on the table, we note that diesel engines tend to be heavier than their gasoline counterparts
(to accommodate higher pressures), thus they often need to be downsized in order to fit into the
same frame. According to the ratios of these same vehicles, the turbocharged diesel engines
should be approximately 5% smaller. Due to the many differences between gasoline and diesel
engines, it is impossible to do a perfect apples-to-apples comparison. However, based on these
vehicles, the equivalent vehicle weight of a diesel is assumed to be 4% higher than the gasoline
vehicle.

Table 1. Diesel vehicles used for comparison

13



model max torque| max power displace |curb weight
Ford F 200N q@ 66k’\)/V@ ment () (kal
ord Focus -m
Diesel 2000rpm 4000rpm 1.753 1258
Ford Focus | 160Nm@ 85kW@ 18 1200
| __Gasoline 4400rpm 5500rpm i
Ford Mondeo| 245N-m@ 85kW@ 1.998 1498
| Diesel 1900rpm 4000rpm i
Ford Mondeo| 190Nm@ 107kW@ 1999 1376
pongot 80T T IONIG T TG
peugo -m
St R T e
peugo m
B R e e
eetle -m
B A v R
eetle m
_Sﬁs_g_ljﬂ_e 3200rom 5400rpm 1.984 1222
etta 240Nm@ 75kW@
Diesel 1800rpm 4000rpm 1.9 1347
VW Jetta 165NmM@ 86kW@
Gasoline 2600rpm 5200rpm 2.0 1331

* All sources are either from manufacturer website, Car&Driver, or Road&Track

Advanced Internal Combustion Engine (ICE)

In this report “advanced” technology is defined as a vehicle (or component) that is improved
over those in most vehicles currently. Advanced ICE vehicles might employ one or more non-
standard engine or driveline technologies meant to improve thermal, and/or driveline
efficiencies, in order to improve fuel economy and performance. Examples include: lean-burn
gasoline engines, variable displacement, direct injection gasoline, and continuously variable
transmission (CVT).

In order to model future vehicles, it is educational to study current technologies comparing them
with their predecessors. Two areas which have seen marked improvement in the past, are engine
friction and power. The former likely leading to the latter. Typically, improvements in (overall)
engine efficiency can either improve fuel economy, or increase engine size in order to increase
power performance (thus maintaining the same fuel economy). The latter has been the main
trend over the past few decades, though there is evidence to show that specific power (power per
unit displacement) has also improved [Chon and Heywood, 2000].

Based on the research of Chon and Heywood [2000] the relationship between engine power and
model year has been established for the past 15 years. This trend has been projected forward by
Weiss et al. [2000] and is shown in Figure 6. The friction reduction projections have also been
added to the figure, based on the research of Sandoval and Heywood [2003] and Nam and Sorab
[2004]. Advanced diesel trends are assumed to be the same, though their starting values may be
different.
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Figure 6. Projected gasoline engine trends over time [Chon & Heywood, 2000; Nam & Sorab,
2004].

Beyond incremental improvements in engine friction, it is difficult to predict how engines will
change in the next 30 years. It is conceivable that production gasoline engines can have
improved indicated efficiencies. This could be accomplished with the trend of “variable
everything”. The Atkinson cycle engine (as in the current Toyota Prius) is a good example of
variable valve timing being used to increase efficiency at the cost of power. The lean burn
engines of Honda (currently installed in the Civic HX, Hybrid, and Insight models) improve
efficiency by burning gasoline under lean conditions at low loads.

The Honda Lean burn engine improves the best bsfc (best brake specific fuel consumption, or
“sweet spot”) over conventional engines by approximately 20%, and decreases friction by 8%
[Ogawa, et al., 2003]. PERE models this with an indicated efficiency of ~0.48, with an 8%
friction improvement. During higher engine speeds, the engine reverts to stoichiometric
operation, where the engine is still more efficient than conventional engines (0.44). The engine
speed breakpoint is not provided in the reference, so in PERE it is assumed to be 50% of the
peak power rpm (6100 rpm*0.5).

There is less information on the Toyota Atkinson engine. PERE assumes that the efficiency is
15% greater than that of conventional engines, until the rpm cut point is reached [Heywood,
1988]. The peak torque values are decreased correspondingly. Beyond that point, it behaves as a
conventional engine. This is similar to the lean burn engine.

Gasoline Direct Injection (GDI) or Homogeneously Charged Compression Ignition (HCCI)
engines are also a promising alternative, though these are still mainly laboratory engines. In the
near future, there may be engines with variable displacement, variable compression ratio,
cylinder deactivation, etc. coming on to the scene. Moreover the current move toward 42 Volt
power systems on the vehicle will allow for Integrated Starter Generator systems to start and stop
the car during idle. This has been referred to as “minimal hybrid” in some references [An and
Santini, 2004].
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In addition to technical advances in engine design, it is possible that tire rolling resistance and
vehicle aerodynamics can improve in the future. Currently passenger cars have tire rolling
resistance of approximately 0.009. It is unlikely that these will improve significantly without
sacrificing other performance measures. The aerodynamic resistance and vehicle frontal area of
vehicles has room for improvement, but here, form tends to follow function, or design. Current
cars have coefficients of drag approximately 0.30 - 0.35 (Toyota Camry C4 = 0.30). Vans and
SUVs have Cd ~ 0.35 — 0.40 and pickups range from 0.40 — 0.45 [Gillespie, 1992]. The
exceptional 2004 Toyota Prius has a C4 of 0.26, and the Honda Insight has the best in class
coefficient of 0.25.

Hybrid Vehicles

Currently the most successful technology implemented commercially to improve the overall
efficiency of vehicles is to hybridize their drivetrains, by adding an electric propulsion path to
the wheels.

There are a number of electric hybrid vehicles on the road today: The Honda Insight was the first
to be introduced in the United States in 1999. It was followed by the Toyota Prius and the Honda
Civic (the Prius was first sold in Japan in 1997). Other manufacturers have also announced that
they will release hybrid models of various kinds within the next few years.

There are several different kinds of hybrid vehicles under development. All share the common
trait that there are two power sources that drive the vehicle forward during different operating
modes. Most methods hybridize an internal combustion engine with an energy storage device
such as a battery, ultracapacitor, or even hydraulic pump (fuel cell hybrids will be discussed in
the next section). The hybrid configuration is usually either series or parallel. Series hybrids run
off electric power only, and the batteries are recharged by the engine, which can run in an
efficient mode. Series hybrids suffer from the disadvantage that both a large battery and motor
are required, while losses are incurred in both charging and discharging the battery. Parallel
hybrids run the drivetrain alternately with the engine, battery or both. This allows for a smaller
battery/motor than the series hybrid and for the engine to run efficiently. The disadvantage
compared to the series configuration is that the system requires more sophisticated strategy,
packaging and transmission. Some models require a separate generator. The Honda hybrids are
parallel, while the Toyota Prius is a combination series/parallel.

The spectrum of hybrids soon to be on the road is broad. General Motors is proposing a
“minimal” hybrid version of its Sierra/Silverado truck, which is expected to improve fuel
economy by 12%. By 2007, they announced a displacement on demand (cylinder deactivation)
hybrid system for the Tahoe and Yukon line [GM, 2004]. Ford is set to release a full hybrid
version of the Escape compact SUV in 2004. Honda announced that a hybrid version of the
Accord will be sold in 2004, which will have Variable Cylinder Management (VCM) in its V6
engine [Honda, 2004]. Toyota announced the Highlander hybrid in 2005, while the Lexus 400
hybrid is expected in 2004 [Toyota, 2004]. All of the hybrids mentioned above are in (mostly)
parallel configuration and store secondary energy in a battery. The Honda, Toyota, and GM
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models also mainly use “advanced” gasoline engines. Many of the hybrids recharge the batteries
by employing regenerative energy from the brakes.

With the promise of hybrids hitting many of the markets segments in the near future, it is
imperative that any modeling of future vehicles include this class of vehicle. There have been a
number of models developed, which captures the behavior of hybrid vehicles. ADVISOR
(developed at NREL) is widely used in the research community [Kelly, 2001]. It models
conventional as well as hybrid and fuel cell vehicles. ADVISOR is a relatively sophisticated
model that can be run stand-alone or on the MATLAB" platform. Unfortunately, the model
could not easily be integrated into MOVES for several reasons. Namely, the intensive data and
effort required to calibrate the model is prohibitive for trying to model broad sections of the fleet
required. It was thus necessary to adjust the approach so that a model could be run on the PERE
spreadsheet. From there, it may either be run in spreadsheet mode, or programmed directly to
link with MOVES in the future. The basic framework for PERE is similar to ADVISOR though:
starting with a driving cycle input, calculate the road loads, then distribute the power and losses
to the various energy conversion and storage media. Many other models exist as well, but the
hybrid architecture in PERE is roughly based on the simple control logic described in Weiss et
al., [2000] at MIT.

Strategy

Figure 7 shows the PERE flow chart for the parallel hybrid design. The battery can be any
energy storage device (ultracapacitor or hydraulic). The logic control is relatively simple [Weiss
et al., 2000]. When power demand is less than the hybrid threshold (2kW in the MIT case), the
car runs on battery alone. Beyond the threshold, the car only runs on the gasoline engine. When
power demand is greater than the peak engine power, then the battery assists or provides the
needed boost. When braking, part of the energy is recaptured into the batteries. Each of the
power paths described has its unique losses. This strategy is modified slightly in PERE to require
that the hybrid threshold be set such that the state of charge on the battery is sustained over the
course of the Federal Test Procedure driving cycle (city and highway), i.e. the battery ends the
test with the same charge with which it started. Other differences in the approaches will be
described below. The parallel power and state of charge algorithms are shown in Appendix A.
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Figure 7. Parallel hybrid (gasoline/battery) flow chart.

Actual hybrid strategies can get much more sophisticated, where the battery can get recharged by
the engine directly, during operation (as is the case for the Toyota Prius THS - Toyota, 2003).
This system is a series/parallel architecture and is especially appropriate for stop and go driving.
However, the PERE methodology takes the basic approach of distributing energy in the system
defined by the strategy above, and taking into account losses. Thus, whether the energy is stored
in the battery, or converted by the engine, the same overall energy is required, therefore the
overall predicted fuel economy should be similar to what is measured (within 10%). The main
omissions of PERE at this time is that it does not include a cold-start module. Cold start factors
will be inserted by MOVES, not PERE. Hybrid vehicle fuel consumption can be significantly
larger during cold start to heat the catalyst to light-off temperatures and also to charge up the
batteries or capacitors (if needed). Cold start factors are discussed in greater detail in the
Sensitivity section.

Hybrid threshold was chosen in order to give close to net zero state of charge over the FTP and
HWY driving cycles. <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>